The effect of boron on heterocystous and nonheterocystous dinitrogen fixing Cyanobacteria was examined. The absence of boron in culture media inhibited growth and nitrogenase activity in Nodularia sp., Chlorogloeopsis sp., and Nostoc sp. cultures. Examinations of boron-deficient cultures showed changes in heterocyst morphology. However, cultures of nonheterocystous Cyanobacteria, Gloeothece sp. and Plectonema sp., grown in the absence of boron did not show any alteration in growth or nitrogenase activity. These results suggest a requirement of boron only by heterocystous Cyanobacteria. A possible role for this element in the early evolution of photosynthetic organisms is proposed.
by cells grown on combined nitrogen (e.g. nitrate or ammonium-N) (4). These results suggested an involvement ofboron in nitrogenase activity (15) .
Our study was designed to determine the boron requirement in dinitrogen-fixing Cyanobacteria, which have major differences in structures and development among them and to determine the applicability of generalizations regarding boron requirement by the Cyanobacteria. Thus, we chose three filamentous species with heterocysts that fix molecular nitrogen aerobically (Nostoc sp. UAM 205, Nodularia sp. Ml, and Chlorogloeopsis sp. PCC 6912); a filamentous and nonheterocystous strain that fixes dinitrogen anaerobically (Plectonema calothricoides); and a unicellular form that is able to fix dinitrogen aerobically (Gloeothece sp. PCC 6501).
Boron (B) requirement varies markedly among organisms. It is the rare element that, although required in higher plants, has no role in animals or fungi (18) . Anderson and Jordan (2) found that B stimulated dinitrogen fixation in Azotobacter, but they did not consider that it could be essential for this bacterium. Essentiality of boron in algae does not seem to be general. Lewin (10, 11) and Smyth and Dugger (23, 24) provided sound evidence that boron was required by marine and freshwater diatoms. However, other investigators (6, 8, 16) failed to demonstrate a requirement for boron in Chlorella and other green algae.
In Cyanobacteria, addition of B was reported to stimulate growth rates in the absence of combined nitrogen for Nostoc muscorum, Calothrix parietina, and Anabaena cylindrica (5, 8) . When nitrate was present in the medium, the addition of boron had only a small effect on the growth rate of these Cyanobacteria. Microcystis aeruginosa, which does not fix molecular nitrogen, showed no requirement although it absorbed boron in appreciable amounts (8) . Gerloff (8) suggested that the smaller response to boron deficiency in cells grown with nitrate compared with cells grown with dinitrogen was due to boron contamination from the nitrate salt.
We have previously shown that boron was not required for the growth of the unicellular strain Anacystis nidulans, which cannot fix molecular nitrogen (14) . Even 
MATERIALS AND METHODS Organisms
The properties and sources of the Cyanobacteria strains used in this study are listed in Table I 
Nitrogenase Activity
Nitrogenase activity was determined by acetylene reduction and carried out as described previously (15) . Ethylene production was estimated by injection into a Shimadzu GC-8A gas chromatograph.
Anaerobic Induction Experiments
The anaerobic induction of nitrogenase activity in P. calothricoides was performed as follows. Cells from the exponential growth phase were harvested, washed with sterile material, and resuspended in a fresh nitrate-free sterile medium. Cultures were grown in polyethylene bottles sealed with rubber stoppers and flushed for 10 min with argon before injecting 5% CO2 into the flask. The assay was started by injecting acetylene to a 10% concentration. The bottles were maintained at 26°C under cycles of 16 h light and 8 h dark. To determine nitrogenase activity, 0.5-mL gas samples were removed with a syringe at the indicated time and their ethylene content was measured.
Microscopy
Examination of living filaments by light microscopy was conducted with preparations mounted in water. Micrographs were taken with Olympus BH-2. For transmission electron microscopy, cells were fixed with glutaraldehyde (2%) in 0.1 M phosphate buffer, pH 7.2, and postfixed with OS04 (2%). Dehydration was carried out with water-acetone solutions. Samples embedded in Vestopal were sectioned with a diamond knife, stained with uranyl acetate, and observed in a Philips EM 300 transmission electron microscope (7). 
RESULTS

Effect of B on Heterocystous Cyanobacteria
Growth of batch cultures ofNodularia sp. M in a medium free of combined nitrogen and without boron was reduced after 2 d of culture, compared with control cultures in the presence of B 2 Growth was inhibited by 50% after 6 d of culture (Fig. IA) . Nitrogenase activity in B-deficient cultures was reduced to about 40% of the activity in B-supplied cultures within the first 24 h of culture (Fig. 1B) . The inhibition in nitrogenase activity was maintained for 6 d, although to a lesser extent (Fig. 1 B) .
Chlorogloeopsis sp. PCC 6912 cultures grown without B showed a progressive decrease in the growth rate when compared with B-supplemented cultures ( Fig. 2A) . When the time 'Abbreviation: B, boron. requirement. In this work, we examined the B requirement course for acetylene reduction was investigated, the lack of B resulted in decreased acetylene reduction (Fig. 2B) (Fig. 3A) , and the lack of B caused a % 0.1 drastic decrease in nitrogenase activity (Fig. 3B) (Fig. 6) . forms filamentous aggregates (3), which, in our experiments, might have retained the B from the washes during the preparation of B-free cells ( 15) . The fact that some Cyanobacteria require B as an essential nutrient while others do not is not unusual. An evolutionary study of the acquisition of an essential role for B in the metabolism of vascular plants showed that, as is true in the Cyanobacteria, the B requirement differs from species to species ( 13) . McClendon ( 17) proposed that the relative abundance of an element is a decisive factor in the origin of its nutritional essentiality and considered the B requirement to .xLe have been acquired over time, given that B was of limited availability in primitive oceans (13) . Nevertheless, sodium, one of the most abundant elements in the lithosphere, is not essential for higher plants with the exception ofthe C-4 plants, the most modem species. But sodium is an essential nutrient for the heterocystous Cyanobacteria, which are among the most ancient living genera. In these organisms, sodium is required for photosynthesis and the bicarbonate transporting system (22) . The fact that B is also essential for the heterocystous Cyanobacteria (principally Nostocacean), which were predominant organisms during the Middle Pre-Cambrian Period some 2 billion years ago, would indicate that B was an essential element during the early evolution of life, even if its availability was relatively limited in the primitive ocean.
The different taxa probably developed a B requirement independently and long after the groups diverged. Most algae and fungi do not require B, with the exception of several diatom species, in which B is an important structural component of the cell wall (10, 11). Lewis (12) developed a hypothesis to explain the fact that some taxonomic groups have an absolute requirement for B, whereas others do not. He pointed out that fungi and algae contain large concentrations of compounds that complex with borate. This would have prevented B from exerting a regulatory role in the metabolism of these organisms (21) . However, sucrose forms only a very weak complex with borate, and, after sucrose had been adopted as a major carbohydrate in the Chlorophyta, phloem developed in land plants, which evolved from this group, as a tissue in which the complexing of B with soluble carbohydrates was minimal. Since B was not sequestered by complexing with carbohydrates, and, with the evolution of xylem through which B was passively carried to the end of the transpiration stream, it acquired a regulatory role in plant metabolism (12, 13) . There is some evidence that B is not essential for nondinitrogen fixing forms of Cyanobacteria (8, 14) or for the nonheterocystous, dinitrogen-fixing forms, Gloeothece sp. and Plectonema sp. However, a lack of B does have an inhibitory effect on heterocystous Cyanobacteria.
Because boric acid forms esters with cis-diols (21), we suggested a possible role for B in the stabilization of the glycolipid inner layer of heterocysts by interacting with their -OH groups (7, 15) as has been proposed for higher plant cell membranes (18, 20) . Boron deficiency could lead to an alteration in the heterocyst envelope, which would facilitate 02 diffusion and result in an inhibition of nitrogenase activity. This hypothesis is consistent with the inhibitory effect that B deficiency has only on heterocystous Cyanobacteria. Furthermore, a drastic alteration in the protecting 02-diffusion envelope of the heterocysts in Nodularia sp. cells has also been shown in this study.
Taken together, these results suggest that the essentiality of B for Cyanobacteria is restricted to heterocystous species and that B is involved in heterocyst function. A role for this element in the stabilization of heterocyst structure could explain this requirement only in heterocystous Cyanobacteria, and, given their biological antiquity, this might well suggest that B was necessary in the early history of life.
Finally, the findings show that the Cyanobacteria are adequate models for the study of mineral nutrient requirements in relation to the origin of life. 
